Functionalized and raw multiwall carbon nanotubes (MWCNTs) were investigated colloid-chemically in order to study the role of polar versus nonpolar interaction with a polyurethane (PU) matrix. Both kinds of MWCNTs were dispersed by ultrasonication in the presence of a surfactant (sodium dodecyl sulphate) in aqueous solution. Functional groups on the nanotube surface were characterized by infrared spectroscopy and by the -potential in aqueous suspension. Such suspensions were added to waterborne PU dispersions, drop-cast on glass substrates and cured. The percolation threshold for electrical conductivity with polar (functionalized) MWCNTs was reached at 0.24 wt.%, whereas at concentrations as high as 2 wt.%, PU films with nonpolar MWCNTs stayed below the percolation threshold. With an addition of 0.4 wt.% polar MWCNTs, the electrical conductivity increased to >10 −6 S/cm in the cured coating layer. These results are interpreted with respect to the chemical nature of the PU matrix.
Introduction
The unique combination of mechanical and functional properties makes carbon nanotubes (CNTs) an ideal reinforcing agent for many matrices, including synthetic and natural polymers [1, 2] . Polymers with CNTs find application in many fields such as corrosion protection [3, 4] , optically active composites [5] , battery technology [6] , or chemical sensors [7] .
Ideas to use CNTs for charge mitigation in coatings have been around for some time already [8] , however, typically for applications like in the aviation industry, where transparency or colour is not rated as high as in domestic applications, and a greyish appearance may be tolerable.
With respect to electrical conductivity, a composite of a polymer with a conductive filler will show reasonable low resistance as soon as the percolation limit is reached; with CNTs of high aspect ratio, this can be the case at considerably smaller volume fraction than with other more spherical conductive fillers. Moreover, there is the possibility to aggregate fillers during the curing process by depletion forces; this approach has been used successfully to produce holographic patterns in polymer nanocomposites [9] [10] [11] . Conductivity at drastically smaller CNT contents can also be obtained by a specific texture of the CNTs, as shown in [12] , by the use of aligning electrical fields. If similar approaches could be realized with CNTs as well, the volume fraction for reaching percolation should be even smaller than with random distribution and orientation. Of course, such effects will depend crucially on the interface chemistry between polymer and filler, which is the subject of this work.
When preparation or curing of the composites starts in the liquid phase, the preparation of (meta-) stable suspensions of well-separated CNTs is a prerequisite for the fabrication of solid polymer bodies with homogeneously dispersed CNTs. Unfortunately, due to their high aspect ratio, nanosized diameter, and huge surface area, it is very difficult to overcome the strong van der Waals forces between the CNTs to form a stable dispersion. The likely presence of CNT bundles and agglomerates in the final composite can lead to intolerable effects on the desired properties. Despite this fact, investigations described in [13, 14] showed that a certain amount of agglomerates can decrease the necessary content of CNTs, for obtaining the percolation threshold. To overcome these inherent obstacles and put the excellent mechanical and functional properties of CNTs [15, 16] into focus, mechanical treatment and/or chemical functionalization of carbon nanotubes has to be employed; some general approaches to this have been described, for example, in [17] .
Mechanical methods available for the incorporation of CNT powders into a liquid (pre-) polymer matrix are stirring processes [18] , ball milling [19] , and/or ultrasonication [20] . Ultrasonication appears to be the most efficient way for disentangling CNT bundles in the first step of preparation and therefore is commonly used [21] . These methods are called "noncovalent" (the surface chemistry of the CNTs is not altered), and CNTs may be bonded to the polymer through nonpolar types of interaction like -stacking, provided that the polymer has conjugated double bonds or heteroatoms with nonbonding electron pairs [22] .
Chemical functionalization on the other hand involves replacement of C-C bonds on the nanotube surface by functional groups. Functionalizations realized by using acidic and strong oxidant media are convenient methods [23] . With these approaches, covalent attachment of polar functional groups to the CNT surface is obtained. They can interact with amino-or hydroxyl-moieties from polymer chains [16] ; therefore dispersion of CNTs in polymers with at least partial polar character becomes easier.
The aim of this work was the preparation of conductive or semiconductive polyurethane (PU)/CNT composites. This class of polymers is very interesting, since it can be prepared in aqueous dispersion, and in this state is the base of a range of waterborne coating formulations, suited also for use under heavy duty, for example, as a finish for wooden floors. The favourable properties of the polymer system under these conditions are at least partially explained by an extended system of H-bridges between the typical polar acid amide units of the polymer, being responsible for the special viscoelastic behaviour of this class of polymer coatings ("reflow, " meaning partial self-healing of scratches). Technical PU dispersions typically at the same time are modified by fatty acids; therefore polar as well as nonpolar regions are present in the final films. In view of environmental aspects, nowadays PU dispersions are supplied exclusively as waterborne systems. Applications as, for example, wood finish imply that the final film stays completely transparent and does not change the colour of the underlying substrate too much. Scattering by aggregated fillers or extensive blackish appearance thus will not be tolerable.
However, there is not much information to be found in the literature about composites of such PU dispersions with CNTs; reports available concentrate on the assessment of mechanical properties of the final films and typically use very high loads of CNTs in the blend [24] , which will not lead to transparent and colourless coatings. With respect to electrical properties, a recent compilation of 147 polymer composite systems with CNTs lists only two systems with PU matrix, both based on organic solvents [25] . Typical percolation limits over all systems are >0.2 wt.%, with the exemption of some epoxy-based systems.
In view of the ambipolar character of PU films, this work evaluated nonpolar and polar dispersion methods of CNTs with respect to the homogeneous distribution of multiwall carbon nanotubes (MWCNTs) in a commercially available PU dispersion matrix, ready for use as a wood finish. The results were assessed by the observation of the electrical conductivity in the final material as a proxy for successful dispersion and homogeneous distribution. Results were compared to the development of the optical transmittance in order to correlate a potentially useful increase of the conductivity with (in most cases not wanted) reduced optical transmittance of the films. The effect of this kind of functionalization is discussed in front of the colloid chemical background, and for this purpose, infrared spectra andpotential measurements have been employed.
Materials and Methods
MWCNTs used in this study are commercially available from Chengdu Organic Chemicals Co., Ltd., China, with purity >98%. They were synthesized by chemical vapour deposition and have a length of ca. 25 m with a diameter in the range of 7-15 nm. The anionic surfactant sodium dodecyl sulphate (SDS, molecular weight 288.38 g mol −1 , linear formula CH 3 (CH 2 ) 11 OSO 3 Na) was supplied by Sigma Aldrich Co., Germany, in order to get a homogeneous dispersion of nanotubes in aqueous solution and to facilitate their incorporation into the polymer matrix. All other chemicals (NaOH, HCl, HNO 3 , and polyvinyl alcohol (PVA)) were obtained from Sigma Aldrich Co., Germany, in analytical grade.
Functionalization of raw MWCNTs (r-MWCNTs) was carried out using 65% concentrated HNO 3 , at 80 ∘ C for 2, 4, 6, and 8 hours. Treated MWCNTs (t-MWCNTs) were dispersed in 0.1 wt.% SDS/water solution to obtain a stable suspension by ultrasonication (Sonoplus, HD 3200, MS 73 microneedle, Bandelin electronic GmbH & Co. KG, 93 W, 45% amplitude, 10 min).
Prepared CNT-suspension was added to a commercial waterborne PU dispersion with polyisocyanate hardener (Bona Traffic, a two-component system intended for use as finish of wooden floors, manufacturer: Bona AB, Malmö, Sweden) and sonicated for 30 s at the same conditions as before, with different solid content of t-MWCNTs and rMWCNTs (0, 0.08, 0.16, 0.24, 0.32, and 0.4 wt.%). Layers on glass substrates were formed by a simple casting technique of the suspension with an amount of 0.3 mL on an area of 55 × 20 mm.
Fourier transform infrared spectroscopy (FTIR) was used before and after functionalization of the MWCNTs. For this purpose, the KBr disk technique was utilized (Perkin Elmer, Spectrum 100 FT-IR Spectrometer).
A Zetasizer Nano (Malvern Instruments Ltd., UK) was employed for measuring the -potential of raw and treated particles in aqueous suspension. For these measurements, the suspensions were diluted to a concentration of 0.1 wt.%, and the pH was shifted with 0.5 M HCl and 0.1 M NaOH. Ultrasonication was carried out at 93 W and 45% amplitude for Advances in Materials Science and Engineering 3 10 min prior to measurements. From repeated messurements on calibration samples, the uncertainty of an individual measurement is estimated to be ±2 mV.
Optical transmittance was measured with a Thermo Scientific Genesys 10S Series ultraviolet-visible spectrophotometer.
The specific electrical resistivity of films was measured with a Mastech Digital Multimeter MS8229 (Pollin Electronic). Measuring was carried out on the layers prepared on a glass substrate, with an electrode distance of 1 cm. Values of electrical resistivity >10
8 Ω cm are out of the range of this device and have not been processed further.
Results and Discussion
In preparation of the fabrication of composites, the asreceived MWCNTs were first functionalized in hot concentrated HNO 3 for 2, 4, 6, and 8 hours. One of the indicators for successful treatment is the presence of functional groups as probed by FTIR spectroscopy; the development of such spectra over time of functionalization was used to find conditions for optimal pretreatment.
The conditions used for functionalization caused small changes in band intensities after 2 and 4 hours, while after 6 hours, the full formation of a new band system centered at 1635 cm −1 was observed, which can be assigned to a water bending mode (also present in t-MWCNTs). This effect however might well be caused by humidity adsorbed from the environment during the measurement procedure and thus is visible also on the unprocessed raw material. More interesting, the generated nonpolar groups (C-H bond stretching at 2922.95 cm −1 and 2852.53 cm −1 ) at the MWCNT surface are clearly visible only after 8 h of functionalization in HNO 3 . Therefore in the following, only composites with tMWCNTs having received 8 h of functionalization in HNO 3 will be discussed in more detail. Functional groups like -COOH, -C-O-, or C=O were not observed in the FTIR spectra, probably due to their low concentration, although they should be present under the strong oxidizing conditions of functionalization. This is in accordance with the investigations described in [26] , where among the functional groups introduced by functionalization, CH were dominating (76.6%); O-containing entities made up for less than 25% of the groups introduced.
In order to assess the polar surface groups after functionalization more directly, -potential measurements in aqueous dispersion were performed and are depicted in Figure 1 . Only the O-containing surface groups are polar enough to either dissociate or accept a proton from solution; changes in the curves of -potential over pH thus are coupled directly with the presence of polar groups on the nanotube surface. It was found that the functionalization with HNO 3 has a great impact on the surface charge. The isoelectric point of rMWCNTs (close to pH = 8) is strongly shifted to the acidic region (ca. pH = 2) in case of t-MWCNTs. Obviously, the polar surface groups invisible in the IR spectra, due to their comparatively low concentration, dominate the interface chemistry of the CNTs. Although this effect is present after short functionalization time already, there is a clear trend for still decreasing -potential at prolonged functionalization. (Anionic) SDS alone on r-MWCNTs does establish a negative surface potential at high pH range only, since the only way of interaction is of weak nonpolar nature. After functionalization of the MWCNTs, SDS adsorbs very strongly by polar interaction, establishing a negative -potential in the whole pH range investigated (down to pH = 2, which is close to the pKs value of sulfonic acids). Taking the amphiphile SDS as a proxy for ambipolar PU, the polar interaction clearly is much stronger than the nonpolar one, and it is to be expected that t-MWCNTs can be dispersed much better in aqueous PU dispersion as well as in the PU matrix as it develops during curing.
Due to functionalization, the electrostatic repulsion between the t-MWCNTs is obviously increased and causes more stable suspensions in a wide range of pH values. The maximum absolute value of the -potential was reached with ca. −44 mV at high pH levels (≅10), but it is still as high as −35 mV at pH = 4. The strong (stabilizing) charge at the t-MWCNT surface therefore can be retained over the full (technically) useful pH range. However, t-MWCNTs with adsorbed SDS do offer polar as well as some nonpolar surface regions, therefore being able to interact with both parts of the PU network.
Scanning electron microscopy (SEM) micrographs of rMWCNTs and t-MWCNTs after 8 h are depicted in Figures  2(a) and 2(b) . r-MWCNTs form bundles, while t-MWCNTs after dispersion in SDS solution and subsequent drying are well separated. For comparison, a solution using polyvinyl alcohol (PVA, predominantly polar interaction) as dispersant was prepared in the same way. In Figure 2(c) , agglomerates of MWCNTs are clearly visible in a transmission electron microscopy (TEM) micrograph, with diameters >1 m. Here, interaction is too strong and leads to untolerable agglomeration tendencies. Unfavourable agglomeration effects on the distribution of MWCNTs will also influence the electrical conductivity of the material. Electrical conductivity in this case was not reached even with MWCNT content of >2 vol%. Therefore, further experiments were performed with MWCNTs dispersed in SDS solution only.
A direct comparison between incorporation of tMWCNTs and r-MWCNTs into the waterborne PU dispersion is depicted in Figure 3 , from the point of view of visible appearance.
More polar surface nature of t-MWCNTs leads to more homogenous dispersion of these CNTs in the composite as compared to the noncovalent bonding. SDS from aqueous solution is attached to the functional groups of the tMWCNTs surface and inhibits the van der Waals attractive forces, reducing the formation of bundles. Nonpolar interaction alone between the untreated nanotube surface and SDS does not lead to homogeneous distribution in the polymer matrix. The nonpolar nature of r-MWCNTs leads to unprotected particles and thus to the creation of agglomerates, optically visible even with the naked eye from the lowest solid loading of 0.08 wt.% and then to an increasing amount of bundles with increasing amounts of loaded r-MWCNTs.
Electrical conductivity in cured coatings of >10 −6 S cm
assures dissipation of free electrostatic charges and thus is a prerequisite, when electrostatic charging needs to be avoided. A plot of electrical conductivity over concentration of the prepared coating films is shown in Figure 4 . At ca. 0.24 wt.% of t-MWCNTs the percolation threshold for conductivity was observed, whereas at approximately 0.32 wt.% solid content of t-MWCNTs the required level of electrical conductivity is reached.
Comparing these results to the entries in the compilation in [25] shows that the covalent functionalization with polar groups leads to state-of-the-art dispersions, whereas without that functionalization, heavy agglomeration is induced, leading to lower conductivities and higher percolation thresholds. For nanocomposites of MWCNTs with PU, the message is clear and has been underpinned by the data compiled in this work: full dispersion can only be reached when the filler (here: MWCNTs) is functionalized with polar groups in order to keep it compatible with the more polar parts of the polymer as well as with the nonpolar parts. Without polar functionlization, no composites can be formed by simple mixing processes.
Unfortunately, high electrical conductivity correlates with low optical transmittance, as compared to the pure material. From Figure 5 , it is obvious that the effect on transmittance is enormous. At threshold for electrical conductivity, the transmittance has dropped in the optical region to ca. 10% of the pure polymer, which will not be acceptable for most optical applications.
Conclusions
Functionalization of MWCNTs with 65% HNO 3 for 8 hours induced enough polar bonding sites on the surface of the nanotubes to achieve well dispersed aqueous suspensions, miscible with waterborne PU dispersions by simple techniques (stirring and ultrasonication). The presence of polar surface groups was confirmed by -potential measurements in suspension; negative surface charge then was observed over the full range of pH values investigated. After curing, the MWCNTs were distributed homogeneously in the polymer matrix, as judged by the percolation threshold of conductivity. The functionalized MWCNTs therefore were not only well dispersed, but also readily accepted by the ambipolar PU matrix during the coating as well as the curing process. It was possible to obtain an electrical conductivity >10 −6 S cm matrix. However, the optical transmittance of the conductive films was so small that unacceptable decolorization would occur in coating applications. Therefore, the use of MWCNTs as charge mitigator in PU in transparent coating systems does not only need functionalization of the nanotubes with polar groups, but rather additional alignment or texturizing to achieve conductivity simultaneously with sufficiently high transparency.
